Using echo sounders to detect gas plumes in seawater is common, especially in the context of hydrothermal circulation areas or gas hydrate-bearing cold seeps. To understand the distribution of gas plumes in the southernmost Okinawa Trough, we have conducted 13 cruises with a 38 kHz single-beam echo sounder (EK60). A total of 266 gas plumes of acoustic image, associated with the hydrothermal circulation, are detected. To estimate the near-seafloor bottom current speeds, 201 gas plumes are further used. As a result, the gas plumes around the axial depression of the Okinawa Trough generally tilt to the northeast at rising tides and high tides, suggesting a northeastward flow of the bottom current. However, the gas plumes in the Keelung continental slope tilt to the southwest at ebb tides and low tides, suggesting a southwestward flow of the bottom current. Our results significantly show a good estimation of the near-seafloor bottom currents from EK plume images in the case of lacking real observations. The directions of the bottom currents depend on semidiurnal tides. Assuming a quasi-constant speed of upward gas bubbles out of seabed, we have estimated the bottom current speeds in 6 hydrothermal circulation zones near the rifting center of the southernmost Okinawa Trough. The estimated bottom current speeds in submarine volcanic areas vary largely from 2 to 160 cm s -1 , but bottom current speeds in relatively flat region are between 20 and 50 cm s -1 . The large variation of the bottom current speeds in the submarine volcanic areas could be due to the variable emissions of the gases out of the submarine volcanic areas. , 2019: Gas plumes and near-seafloor bottom current speeds of the southernmost Okinawa Trough determined from echo sounders. Terr. Atmos. Ocean. Sci., 30, 649-674,
INTRODUCTION
Relative to the Eurasian Plate, the Philippine Sea Plate moves northwestward at a speed of ~8 cm yr -1 around Taiwan (Seno et al. 1993; Yu et al. 1997) . The Philippine Sea Plate is subducting beneath the Eurasian Plate and has formed the Ryukyu subduction zone (Letouzey and Kimura 1985; Sibuet et al. 1987) . Okinawa Trough is an active back-arc basin behind the Ryukyu Arc (Uyeda 1977; Lee et al. 1980; Kimura 1985; Sibuet et al. 1987) (Fig. 1 ). Our study area is located in the southernmost Okinawa Trough. Morphologically, Keelung Valley and Mienhua Canyon are loacated in the northern margin of the Okinawa Trough and transport sediments from the East China Sea to the Okinawa Trough (Hsu et al. 1996) . The current rifting of the southern Okinawa Trough area could start at 0.1 million years ago (Sibuet et al. 1998 ). Kimura et al. (1986 Kimura et al. ( , 1988 and Shyu and Liu (2001) have pointed out unusually high geothermal flows in the Okinawa Trough, especially some hydrothermal hillocks and biota. It reveals an actively hydrothermal circulation system in the Okinawa Trough. Earthquakes and active submarine volcanoes are common in the southernmost Okinawa Trough (Lin et al. 2007 (Lin et al. , 2009 . It suggests intensively magma activity associated with abundant submarine volcanoes. Base on the multi-beam bathymetric data from the ACT cruise of the Taiwan-French cooperation in 1996 (Lallemand et al. 1997) , there are more than 70 submarine volcanoes in the southernmost area of the Okinawa Trough Terr. Atmos. Ocean. Sci., Vol. 30, No. 5, 649-674, Ocober 2019 ( Fig. 2) . Hydrothermal circulations are linked to the activities of the submarine volcanoes (Massoth et al. 1988) . In a hydrothermal circulation area, volcanic materials are carried by hot water to form a smoky zone (Baker et al. 1995) , creating a "Black Smoker" feature, which provides an important conduit for the exchange of seawater and crustal metals.
Because of a hydrothermal circulation, volcanic material could be carried by hot water and form a relatively turbid area in the seawater. Using a 38 kHz single-beam echo sounder, German et al. (1994) have observed the hydrothermal circulation phenomenon of the mid-ocean ridge in the northeastern Pacific Ocean. Similarly, Tsai (1999) and Lee (2005) also have observed a hydrothermal circulation system in the southernmost of the Okinawa Trough; 12 active hydrothermal areas were discovered (Lee 2005) . A 38 kHz single-beam echo sounder has also been used to observe cold seep systems associated with gas hydrates. For example, the researches on gas hydrates in the Black Sea (Polikarpov et al. 1989; Naudts et al. 2006) , Hydrate Ridge (Heeschen et al. 2003) , and the southwestern Taiwan (Chen et al. 2010; Hsu et al. 2018 ). However, it is remarkable that several acoustic images of the gas plumes in water columns have been tilted, instead of a vertical ascent. Veloso et al. (2015) used three typical examples of plumes image from single-beam echo sounders to explain how a near-seafloor bottom current could affect rising bubbles from a seabed. The application of multi-beam echo sounder water-column imaging technology allows us to understand the relationship between the shape of the plume shape and the direction of current in the seawater (Urban et al. 2017) . Additionally, the mooring observation on the hydrothermal mounds of the mid-ocean ridge (Fujioka et al. 1997 ) and the ADCP (Acoustic Doppler Current Profiler) observation in the Hatoma Knoll hydrothermal field of the southern Okinawa Trough (Furushima and Yamamoto 2015) have shown that the fluctuation cycle of temperature, pressure, and current is synchronized with semidiurnal tides.
In this study, we will analyze the EK60 acoustic images from 13 surveys in the southernmost Okinawa Trough (Fig. 3) , with the purpose of better understanding the gas plumes distribution and the relationship between the gas plumes images and the near-seafloor bottom current in the southernmost Okinawa Trough. As mentioned previously, gas plume locations could be excellent sites for the exchange of seawater and crustal metals; thus, bottom current directions may be used to indicate the probable precipitation areas of metalliferous sediments. Fig. 1 . Bathymetry Bathymetric map of the Okinawa Trough between Taiwan and Japan. The regional map of the Okinawa Trough, which could be separated into three portions. They are the Northern Okinawa Trough (NOT), the Middle Okinawa Trough (MOT), and the Southern Okinawa Trough (SOT), separated by the Kerama Gap and the Tokara Fault respectively. This study area is located in the westernmost OT. 
DATA COLLECTION AND PROCESSING
The bathymetric data used in this study were collected during 13 cruises from 2014 to 2018 with EK60 scientific single-beam sounder, which uses the split beams technology and two frequencies (38 and 120 kHz). Because the water depths in our study area are generally deeper than 500 m (Fig. 3) , we only use the 38 kHz. The transducer has a 7° beam width. Post-processing of data is done with the FM-Midwater tool in the Fledermaus software suite, so that the gas plume images and the adjustment of energy were obtained.
Based on the existing data of physical oceanography for the water depth as deep as 300 m (Ocean Data Bank of the Ministry of Science and Technology, Taiwan, R.O.C.), the annual average current flow has a stable northeast flow in the shallow part to the east of 122°20'E. The current flow becomes faster eastward ( Fig. 3 ). To the west of 122°20'E, morphologically the area belongs to the Keelung continental shelf and slope. It has a slower velocity of flow and inconsistent flow direction; especially the flow direction is quite unstable at a water depth of 300 m (Fig. 3 ). In any case, there is a lack of current velocity information for the water depths greater than 300 m.
Among our 13 cruises, there are 3 deep-tow sonar surveys with a ship speed of ~2 knots and 10 multi-beam echosounder cruises with a ship speed of ~6 knots. Based on our EK60 data in the southernmost Okinawa Trough, we have identified 266 gas plumes (Figs. 2 and 3 and Appendix A). According to Veloso et al. (2015) , the relationship of a gas plume image to a bottom current could have 3 cases: (1) current from the opposite direction of the ship's movement, (2) current from the same direction as the ship's movement, and (3) current oblique to the ship's movement. In the second case, a most complete and clear plume image can be imaged. Because a gas plume image in the third case is obliquely obtained by cutting across the gas plume, the plume image near the seabed is usually missed. In consequence, the portion of the gas plume image could be mistaken for a school of fish in the seawater. Therefore, based on the completeness of our 266 gas plume images, we separated 201 complete images of gas plume (remark A in Appendix A) from 65 incomplete images (remark B in Appendix A). Figures 4 to 16 display the 201 complete images of gas plume that will be further analyzed in this study.
RESULTS AND DISCUSSION

Gas Plumes and Hydrothermal Circulation
During our 3 deep-tow sonar surveys, sidescan sonar data (120 and 410 kHz) were collected. Active gas plumes (emitting gas bubbles) associated with hydrothermal circulation can be clearly observed in the sidescan sonar images (Figs. 4 and 5). As shown in the sidescan sonar images of Fig. 5 , gaseous bubbles or materials carried by hot water have escaped from chimneys or mounds (Hsu 2017) . Those gas plumes imaged in the sidescan sonar can also be imaged in the 38 kHz single beam sonar (EK60) (Figs. 4 and 5) . The gas plume heights are generally around 350 m, but can be as high as 800 m. Crone et al. (2010) indicated that tidal variation could affect current velocity near a hydrothermal vent. Chemical concentrations and temperatures of a current may also be changed (Larson et al. 2007 ). For example, Veirs et al. (2006) showed that the semi-diurnal tide affects the tidal oscillations of ocean currents around the Grotto mound in the Juan de Fuca Ridge region. Semi-diurnal tides also affect the deep ocean around the mid-Atlantic Ridge (Fujioka and Mitsuzawa 2001) and around the seabed near Oahu of Hawaii (Aucan et al. 2006 ). In addition, Berdeal (2006) found significant inertial oscillations in the time series of horizontal flow in an 11-month near-bottom ADCP observation; similar result was obtained in the southern Okinawa Trough (Furushima and Yamamoto 2015) . It is concluded that a semi-diurnal tide will affect the current flow direction and flow rate in the seawater.
Gas Plumes and Tidal Variation
In our study area, the lower bound of the seawater thermocline is generally at 600 m deep and can be as deep as 800 m deep. Therefore, most of the seawater shallower than 600 m contains a fairly thick suspension layer. In consequence, most of the gas plumes in our study area can only be imaged clearly at the water depth deeper than 600 m. However, as imaged by the EK60, several gas plumes have a tilted tendency that could be associated with the bottom current (Figs. 4 to 16) . In order to understand the gas plume tilt phenomenon, we compare the gas plume images with the tidal data. For that, we adopt the global ocean tide model NAO.99b (Matsumoto et al. 2000) and relate each gas plume image to the tidal variation at the same period of data acquisition. In Figs. 4 to 16, we use blue, red, yellow and green colors to mark the rising tide, ebb tide, high tide and low tide respectively.
As shown in Table 1 , we have integrated the tilt directions of the EK60 plume images in Figs. 4 to 16 and different tidal conditions. Because EK60 is a single-beam detection system, the change of a gas plume image can only be observed along the ship track. Therefore, only the tilted gas plume images along the plane of the ship tracks (i.e., NE-SW orientation) are considered in this study. For that, the 201 plume images in Figs. 4 to 16 were collected when the ship's course was parallel to or against the current directions.
As shown in Fig. 11 , the gas plume images from h21 to h33 in the middle portion of the southernmost Okinawa Trough indicate that the plume images incline to the northeast when the tides are rising or at high tides. At ebb tides Fig. 4 . EK60 images of the gas plumes of a-series. Each gas plume image is generally situated at the middle of each panel. The relatively tidal height of each plume is shown in the top panel. Four kinds of tidal situations are shown in different colors of blue, red, yellow, and green, which correspond to rising tide, ebb tide, high tide, and low tide, respectively. It is noted the plumes a21, a22, a27, and a28 have clear images in the water columns of deep-tow sidescan sonar data. OR1-1136 a (Fig. 4 or at the lowest tides, the plume images incline to the southwest. As shown in d02 to d08 in Fig. 7 , the plume images in the Keelung continental slope area incline to the southwest when the tide is rising. The plume images incline to the northeast when the tides are on the ebb. At the lowest tide, the plumes keep the same direction as on the ebb. However, in the areas around the Meinhua Canyon, there is no consistent tilt of the gas plumes ( Fig. 13 ). Furushima and Yamamoto (2015) have used ADCP to observe bottom currents in the Hatoma Knoll hydrothermal circulation area of the southern Okinawa Trough in April 2004 and May 2005. Their results showed that the bottom currents have a variation of 12-h semi-diurnal tidal cycle. During the rising tide, the water current flows northward; conversely, during the ebb tide, the water current flows southward. Their result is consistent with the results that we have observed the plume images in the central portion of the southwestern Okinawa Trough. Similarly, our deep-tow side-scan sonar images in Figs. 5 and 17 also indicate that the hydrothermal fluid from a single black chimney flows southward. Because the gas plumes keep the same direction at the rising tide to the highest tide and the same direction is on the ebb and at lowest tide, there could be a time lag effect of the tidal rise and fall effect on the flow of the water layer. It agrees with a stable flow of ~3 h during the transition of the rising and ebb (Furushima and Yamamoto 2015) .
Near-Bottom Current Velocities Estimated from Gas Plume Images
As mentioned previously, the bottom currents as well as gas plume images can be affected by tidal variation. A real observation of the bottom current speeds will be implemented soon by ocean-bottom current meters by Academic Sinica. However, in the case of lacking real ADCP observations near seafloor, the tilted images of gas plumes from seabed could provide an alternative way to estimate nearseafloor current velocities. As illustrated in Fig. 18 , a gas plume image is related to a bottom current velocity. We can measure each plume height h from the seafloor to the top of a plume, and the horizontal distance d. The rising time Δt of a gas bubble from the seafloor to the top of the plume could be calculated by h/Vp, where Vp is the upward velocity of the gas bubbles of the plume. Then, the near seafloor current velocity Vc can be calculated by d/Δt. In that case, the value Vp is a critical for calculating the current velocity Vc. Because the bottom-current velocity (Vc) is a linear function of upward velocity of the bubbles (Vp). The error estimation of the Vc is thus proportional to the error estimation of Vp. Xu et al. (2013) have observed Vp of the hydrothermal plume of the Main Endeavour Field in the Juan de Fuca Ridge area by using the Cabled Observatory Vent Imaging Sonar (COVIS) instrument. They found the Vp of the hy-drothermal plume is between 0.11 and 0.24 m s -1 . Using the temperature anomaly observed by CTD, Cen et al. (2017) have established a dynamic mode of the hydrothermal plume in the middle Okinawa Trough and obtained a Vp of 0.35 m s -1 . In the southern Okinawa Trough, Chi (2017) used ROV images of Wang (2016) and obtained a bubble rising velocity of 0.47 m s -1 in YK4-1 (Yonaguni Knoll IV-1) and 0.32 m s -1 in PFZ (Penglai Fault Zone) ( Figs. 2 and 3) . Veloso et al. (2015) showed that clean or dirty bubbles have slightly different rising velocities. However, the bubbles in the middle or southern Okinawa Trough have faster rising velocities (Cen et al. 2017; Chi 2017) . The reason could be ascribed to a very active backarc basin rifting and an active hydrothermal circulation in the Okinawa Trough. Here, we use the Vp value of 0.47 m s -1 from Chi (2017) to estimate the maximum near seafloor current velocities (Vc) in our study area. The results are shown in Table 2 and Figs. 4 to 16.
Belonged to 6 hydrothermal circulation zones, 11 plume images are used for further analysis (Table 1, Figs. 2, 4, 5, 11, and 13) . Except for FDV-2 (Fire Dragon Volcano 2), the rest of the plumes are located near the rifting center of the Okinawa Trough (Figs. 2 and 3) . Those plume images are detected along the survey tracks in the NE-SW orientation. The estimated current velocities are based on the rising speed of bubble at 0.47 m s -1 (Table 2 ). In the 6 hydrothermal circulation zones, the tides flow to the NE during the rising tide and the highest tide, and flow to the SW during the ebb tide and the lowest tide (Table 1) . The gas plumes are situated in the water depths from 1150 to 1550 m (Table 2) ; in other words, the 7° beam width of EK60 indicates that the coverage of a single footprint is between 140 and 190 m in diameter. Hence, each of our estimated current velocities can be considered as an average of the near-seafloor current velocities from the bottom to the top of the gas plume. All the estimated near-seafloor current velocities are shown in Table 2 .
Our estimated near-seafloor current velocities show the slowest velocity of 2.5 cm s -1 occurs in region YK4-1 and the fastest velocity of 156.9 cm s -1 occurs in region FDV-1 (Fire Dragon Volcano 1). As mentioned previously, tidal variations can affect gas plume directions and the directions of the currents. In order to understand the relationship between current velocities and the tidal variations, we calculated the slope change of the tides between 15 min before and after the plume recorded time (Table 2 ; Figs. 4 to 16) . The results show that the slopes of the tides do not influence much the nearseafloor current velocities in region YK4-1. Nevertheless, the gas plumes i09 and i10 in submarine volcano region FDV-1 do display different tilt angles of plumes (Fig. 12) , demonstrating the tidal variation influence. One possible reason is that the upward velocities of the bubbles (plumes) are different at two different times because the different emissions of the gases out of the seabed at different water pressures (depending on the tidal variation). The different inclusions of gases into the seawater can largely change the densities of the plumes and thus the buoyancies of the plumes. As shown in Table 2 , the near-seafloor currents show different velocities. However, it is remarkable that there is a large variation of estimated current velocities in the submarine volcanic area (in areas YK4-1, FDV-1, FDV-2, and MHV in Table 2 ). Tectonically, submarine volcanic areas contain more volcanic gases in the sediments, thus variable gas emissions and the upward velocities of the plumes appear in submarine volcanic areas. On the contrary, in the relatively "smooth" seafloor areas such as in regions PFZ and GLM (Geolin Mounds), the estimated current velocities are considerably consistent (Table 2 ). In fact, by using ADCP, Furushima and Yamamoto (2015) also observed variable current velocities at the same site; at 4 m above the seafloor, the current velocities can have a variation of 20 cm s -1 , and at 62 m above the seafloor the current velocities can have a variation of 50 cm s -1 (Furushima and Yamamoto 2015) . Their observation is consistent with our values in plume b21 estimated from the deep-tow side-scan sonar (Fig. 4) ; the near-seafloor current velocity Vc has increased from 11.6 to 28.0 cm s -1 .
CONCLUSION
After analyzing the single-beam EK60 echo sounder data in the seawater and comparing the gas plume images with tides in the southernmost Okinawa Trough, we can draw the following conclusions.
(1) In total, 266 active gas plumes out of seabed are found.
Most of the plumes are related to submarine volcanoes or hydrothermal circulation. (2) In the middle of the southernmost Okinawa Trough, the lower boundary of thermocline generally appears around 600 m deep; therefore, most of the areas shallower than 600 m deep have a fairly thick suspension layer.
(3) The tilts of the gas plumes are changeable; they depend on the semi-diurnal tidal variation. (4) In the middle of the southernmost Okinawa trough, the gas plumes incline to the northeast during the rising tide and highest tide, indicating that the near-seafloor current flows northeastward during that period. In contrast, the gas plumes incline to the southwest on the ebb tide and at low tide, indicating that the near-seafloor current flows southwestward during that period ( Fig. 19 ). (5) In the Keelung continental slope area, the gas plume images incline to the southwest at rising tide and highest tide, indicating a southwestward flow of the nearseafloor current. At ebb tide and low tide, the gas plume images incline to the northeast, indicating a northeastward flow of the near-seafloor current. This result is in opposite to the flows in the middle of the southernmost Okinawa Trough (Fig. 19 ). (6) Our estimated velocities of the near-seafloor currents in the submarine volcanic area range between 2 and Fig. 19 . The distribution of the gas plumes (red starts) and near-seafloor current patterns in the southernmost Okinawa Trough derived from acoustic echo sounders. 
